allowed in food and feed. There is a tremendous number of pesticides to be controlled in commodities and thus the demand for multiresidue analytical methods is increasing. Variety of methods has been employed for the multicomponent pesticide determination in food and feed in a single analysis. However, the versatility of chromatographic and mass spectroscopic methods assisted by the fast technological development of equipment make LC-MS a leading analytical technique also in this application field. In the analysis of pesticides all types of mass spectrometers: single quadrupole (Q) [1] [2] [3] , triple quadrupole (QQQ) [4] [5] [6] [7] [8] [9] [10] [11] [12] , time of flight (ToF) [13] , quadrupole-time of flight (QToF) [14] [15] [16] , ion trap (IT) [17] , hybrid linear ion traps (Q Trap) [18] [19] [20] were used.
LC-MS is a perfect choice for multiresidue food analysis thanks to its excellent precision, robustness, sensitivity and selectivity. However, one serious limitation of LC-MS determinations connected with the salient feature of the technique is matrix effect, which can compromise quantification of analytes. It can lead to analyte ion suppression or enhancement, i.e., to signal decrease or increase, respectively and thus it can influence method precision, accuracy, linearity, limit of detection and quantification. Different methods were proposed to reduce, eliminate or compensate for matrix interferences [21] [22] [23] [24] [25] [26] . They can be roughly classified in 3 groups: modification of method conditions, calibration strategies and unconventional solutions. Improvement of sample preparation procedure, modification of chromatographic and/or mass spectrometric conditions, preparation of calibration solutions with blank matrix matching closely the real matrix, addition of isotopically labelled or structurally related internal standards, quantification with matrix-matched calibration curves, standard addition of targeted analytes, sample dilution, post column infusion, echo-injections, application of statistical models, ionization techniques less prone to signal alterations were proposed to overcame problems related to matrix effect. The empirical matrix-effect graphs for estimating the uncertainty due to the matrix effect were also proposed as a more practical approach than compensation methods [27] .
The matrix-matched calibration with a single internal standard is one of the techniques which is most widely used in multi pesticide residue analysis in fruits and vegetables. Matrix matching is a common and recommended practice in many applications were an analyte is quantified in complex matrices. It compensates for ionization suppression and enhancement effects caused by sample matrix components co-eluting with an analyte. Yet in the case of multiresidue analyses in various matrices this approach is still very laborious, time and resource-consuming. In routine analysis of pesticides in several matrices the analytical procedure to be adopted must offer the best compromise between costs and benefits. Thus the representative-matrix calibration is frequently employed for food commodities belonging to the same group although the suppression or enhancement effect is well documented to be compound-matrix dependant [22, 28] . Although the issue is well known no systematic studies on the estimation of an analytical error arising from the use of representative matrix in calibration process during pesticide analysis in fruits were carried out, and the number of publications on representative matrix is very limited [29] .
The paper aim is to examine how the use of a representative matrix influences the results of pesticide quantification and demonstrate the usefulness of error functions and parameters for the evaluation of representative-matrix applicability. To examine whether or not and to what extent the selection of representative matrixes affects the results of analysis, the calibrations were carried out for five soft fruits and the relative quantification differences between pesticide concentrations obtained using fruit-specific and representative matrix calibration curves were calculated.
Experimental procedure

Reagents and chemicals
HPLC hypergrade solvents methanol and acetonitrile were purchased from Merck, (Warsaw, Poland) . Deionised water was obtained from a Millipore Direct Q 3UV water purification system. Analyticalgrade crystalline and methanol solutions of pesticide standards, as well as triphenyl phosphate (TPP) were purchased from Fluka, Sigma-Aldrich (Poznan, Poland) and Agilent (PerlanTechnologies, Warsaw, Poland). Stock standard solutions of the target pesticides (Table 1 ) at a concentration of 1 mg mL -1 were prepared in acetonitrile with the exception of three compounds (ethirimol, carbendazim and propazine) , which were prepared in methanol. Working standards were prepared in acetonitrile. Four multipesticide working standard solutions were prepared by appropriate dilutions of stock standard solutions in acetonitrile; pesticide concentration at working solutions were 1, 2, 5, 10 µg mL -1 for a pesticide with MRL 0.01, 0.02, 0.05 and 0.1 mg kg -1 , respectively. TPP was used as an internal standard, a stock solution (1 mg mL -1 ) and a working solution (1 µg mL -1 ) were prepared in acetonitrile. All solutions were stored in a refrigerator at 4°C. Soft fruit samples: strawberries (S), raspberries (R), blackberries (BB), black currants (BC), red currants (RC) were obtained from a local manufacturer of frozen fruits and vegetables. Samples were stored in the darkness at -20°C. Fruits were selected for blanks after samples were screened for pesticide residues. To ensure that the calibrations and validations for each pesticide were run with a pesticide-free fruit, subsets of blank samples for each soft fruit were employed. All others chemicals (e.g. ammonium formate) used in the analysis were obtained from Sigma Aldrich (Poznan, Poland). Pre-packed Agilent Technologies QuEChERS (Quick Easy Cheap Effective Rugged Safe) kits for EN Method 15662 composed of buffered extraction tubes for use with 10 g samples and 2 mL centrifuge tubes for dispersive solid phase extraction (DSPE) were obtained from Perlan Technologies (Warsaw, Poland).
Sample preparation
Pesticide extraction was carried out using QuEChERS method. Samples of fruits were homogenized using a Braun MR 6550 M blender. Ten grams of the homogenized samples were weighed into 50 mL centrifuge tubes. Then 200µL of 1 µg mL -1 triphenyl phospate (TPP) used as an internal standard was added. The tube was closed and shaken vigorously by hand for 1 min. 10 mL of acetonitrile was added together with buffer-salt mixture consisting of 4 g magnesium sulphate anhydrous, 1 g sodium chloride, 1 g trisodium citrate dihydrate and 0.5 g disodium hydrogencitrate sesquihydrate. The mixture was shaken vigorously by hand for 1 min. To adjust pH to 5-5.5, a 5 N NaOH was added for acid rich samples, for currents ca. 800 µL, for raspberry 400 µL, for strawberry 100 µL, for blackberry 200 µL. The extract was then centrifuged using an Eppendorf centrifuge model 5804 at 3000 rpm for 5 min. One millilitre of the organic supernatant was pipetted and transferred to a 2 mL centrifuge tube containing 150 mg of MgSO 4 , 25 mg PSA (Primary Secondary Amine) and 2.5 mg of GCB (Graphitized Carbon Black C18). Then, it was shaken manually for 2 min and centrifuged in an Eppendorf centrifuge model 5415 R at 8000 rpm for 5 min. 600 µL aliquot of supernatant was transferred into auto-sampler vials and analyzed by LC-MS/MS under conditions described below. For the matrixmatched calibrations, the samples were spiked with 200 µL of TPP working solution and appropriate volumes of multipesticide working standard solutions before the extraction procedure, pesticide concentrations ranged from 0.01 to 0.3 mg kg -1 . Five-point calibration curves were obtained; for each calibration point, samples were prepared in triplicate.
LC-MS method
An ultra high performance liquid chromatograph Agilent Technologies 1290 Infinity series equipped with a Binary Pump (G4220A), an autosampler (G4226A), a thermostat TCC (G1316C), an DAD detector (G4212A) coupled to an Agilent Technologies 6460 Triple Quad LC/MS spectrometer with a Jet Stream technology ion source (G1958-65138) was used. Agilent Pesticide Dynamic MRM Database (G1733AA) was purchased from Perlan Technologies (Warsaw, Poland) and LC-MS/MS 300-pesticide method using the Agilent 1290 Infinity LC and JetStream Technology ion source included in the database was employed as a starting point for the method development. The chromatographic separation was carried out using an Agilent Zorbax Plus C18 analytical column, 2.1×100 mm, 1.8 µm particle size. The column was thermostated at 60°C. The mobile phase consisted of 5 mM ammonium formate and 0.01% formic acid in deionised water (A) and 5 mM ammonium formate and 0.01% formic acid in methanol (B). The gradient mode started with 6% of B, the percentage of eluent B was increased linearly to 98% over 15 minutes and then kept constant for another 3 min. A 4-minute post run was used after each analysis. The flow rate was 0.5 mL min -1 and injection volume was 5 µL. The LC-MS Jet Stream technology ion source, an electrospray ionization interface (ESI), was operated in positive ion mode and its parameters were set as follows: gas temperature 325°C, gas flow 8 L min -1 , nebulizer gas 35 psi and capillary voltage 4500. Ion acquisition was carried out in the dynamic multiple reaction monitoring (DMRM) mode. Data acquisition and instrument control was performed using Agilent Mass Hunter software, version B.03.01.
Results and discussion
Method development and validation
56-pesticide DMRM method was developed based on a commercially available 300 pesticide Agilent DMRM method. Pesticides for the method were selected basing on the results of preliminary screening of randomly selected fruit samples for pesticides included in the original method. MS parameters were set as specified in the method without further optimization. As the recommended column was not available, a shorter column was employed. Separation of a sixteencomponent mixture (the basic and acidic pesticide test mix from Agilent) was run in DMRM mode and then the results were used for retention time correction for all pesticides. Any pesticide detected in any sample during the preliminary screening was included in a new method; it was required that both pesticide qualifier and quantifier ion were above 3:1 signal-to-noise. A 56-pesticide method was created for pesticides that were detected at least once in any examined sample. Table 1 lists retention times, MRM transitions for these 56 pesticides along with their MRL values for examined soft fruits. To validate the method, it was tested for selectivity, repeatability, linearity, matrix effect and recovery according to SANCO/12495/2011. Selectivity was controlled and assured by monitoring pesticide retention times and two ion transitions: for a quantifier and qualifier ion and the ratio of the two ions. Relative standard deviation (RSD) of retention times and qualifier/quantifier ratios for all pesticides did not exceed 1% and 8%, respectively for any matrix. To ensure method specificity, blank matrixes and all analytes were checked for interfering transitions. No interferences were observed. The method repeatability was assessed by intra-and inter day precision. The precision was examined at the concentration equal to pesticide MRL. Extractions of fruit samples spiked with pesticides were carried out on three different days in triplicate. Intra-day precision of the determination of pesticides, expressed as RSD was in the range of 0.15-11.62% with the median of 1.92% for raspberries; in the range 0.06-8.46% with the median of 1.88% for strawberries; in the range of 0.13-11.97% with the median of 2.03 for black currants; in the range of 0.08-11.81% with the median of 2.08% for red currants and in the range of 0.09-9.96% with the median of 1.21% for blackberries. Inter-day precision expressed as RSD was in the range of 1.27-11.01% with the median of 2.97% for raspberries; in the range 1.27-12.67% with the median of 3.18% for strawberries; in the range of 1.44-11.10% with the median of 2.88 for black currants; in the range of 1.86-12.24% with the median of 4.14% for red currants and in the range of 0.65-11.43% with the median of 2.71% for blackberries. Both intra-and inter-day precision RSD values have lognormal distributions.
Pesticide recoveries and matrix effects were evaluated by comparison of pesticide MS signals measured for extracts of fruit samples spiked with pesticides and for pesticide solutions prepared in blank fruit extracts and in acetonitrile. Determinations were carried out for concentrations equal to pesticide MRLs. Soft (<20%) and medium (20-50%) matrix effects were observed. a) Soft ion suppressions were obtained in 54%, 56%, 53%, 41% and 47% of the pesticides, b) medium suppression in 17%, 7%, 12%, 5% and 15% of the pesticides, c) soft ion enhancement in 27%, 34%, 32%, 47% and 37% of the pesticides, d) medium enhancement in 2%, 3%, 3%, 7% and 0% of the pesticides for strawberries, raspberries, black currants, red currants and blackberries, respectively. Soft ion suppression was observed in the case of the internal standard (TPP): 7.5-15%. More than 95% of the pesticides in red currents and more than 80% in other matrices under study have recoveries between 80% and 120%. 2% of the pesticides in red current and 15% in other matrices presented recoveries between 120-135%. Metosulam recoveries were very low (20-30%) in all matrices, however, they were reproducible (RDS < 10%) and MS signal was strong thus it was possible to include the pesticide in the quantification method. Dichlorvos in strawberries and thiabendazole in other four matrices have recoveries in the range of 60-80% (RSD < 6%). RSDs of recoveries were in the range of 1.4-12.5% with the median of 3.9%; no significant differences in recovery RSDs between matrices were observed. The recoveries of the internal standard (TPP) were 101.4-104.2% (RSD < 3.5%). More detailed information on validation data can be found in [30] .
Quantification
An approach of employing multicomponent working solutions of pesticide concentrations matching MRLs was employed. For an easy and fast calibration, mixtures of standard solutions of concentrations corresponding to pesticide MRLs common for majority of matrixes of interest were prepared. Pesticide concentration in the multicomponent standard mixture was 1, 2, 5 and 10 µg mL -1 for a pesticide, the MRL of which is 0.01, 0.02, 0.05 and 0.1 mg kg -1 , respectively. Thus the addition of 100 µL of solution of pesticide at concentration: 1, 2, 5 and 10 µg mL -1 to 10 g of a homogenized sample resulted in pesticide concentration in the sample: 0.01, 0.02, 0.05 and 0.1 mg kg -1 , respectively and spiking of 200 µL of standard solution led to the concentration of double of MRLs and so on. The stability of multicomponent working solutions was tested over 4 weeks. No changes in pesticide concentrations were observed during this period of time.
Matrix matched calibrations were carried out for five soft fruits: strawberries, raspberries, blackberries, black currants and red currants at the concentration range from 0.2 MRL to 6 MRL for each pesticide. The calibration graphs were derived by plotting the peak area of pesticides to an internal standard peak area versus the pesticide concentration in fruits at five different levels. Linear regression was used and the slope, intercept, coefficients of determination R 2 and the standard error of the estimate (SEE) were determined. Linearity data are summarized in Table 2 . Excellent linearity of calibration curves for all examined pesticides and matrices were obtained. R 2 was greater than 0.99. The method limits of pesticide detection expressed as the concentration of component fulfilling the requirement of LOD, signal-to-noise ratio (S/N) of three-to-one for quantifier and qualifier are listed in Table 2 . The LODs were in the range of 0.3-22.7 μg kg -1 , indicating good method sensitivity.
Estimation of quantification differences
To study the effect of using the representative matrix calibration curve on the pesticide quantification, i.e., to estimate whether the use of a representative matrix calibration curve instead of a fruit specific matrix curve for the quantification of pesticide residue influence quantification result, the simulations of a relative quantification difference (QDiff) in function of pesticide concentration were carried out. The relative difference between two values C (i) and C (r) is obtained from
where C (i) is a concentration calculated using the fruit specific matrix calibration curve and C (r) is a concentration calculated using the representative matrix calibration curve; it allows the quantitative assessment of the equivalence of the two quantities. For linear calibration curves the relative quantification difference function is expressed as:
where a (i) and b (i) are the slope and the intercept of a representative-matrix calibration curve, and a (r) and b (r) are the slope and the intercept of a specific-matrix calibration curve. A calibration curve obtained for raspberries was selected as the representative matrix curve for the simulations. In Fig. 1 the relative quantification differences in function of pesticide residue concentration for three pesticides: methamidophos, quinalphos and terbutryn are presented.
Positive and negative values of the relative quantification differences are observed. The use of a representative matrix calibration curve leads to both over-and underestimated pesticide concentrations in 
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samples. Thus the concentration of methamidophos and quinalphos measured in red currant will be underestimated, whereas the concentration of terbutryn will be overestimated. In the case of pesticide residue measurement in blackberries the content of methamidophos and quinalphos will be underestimated at low concentrations and overestimated at high
concentrations. An opposite effect will be observed for terbutryn. In the case of terbutryn the distribution of relative quantification differences is relatively narrow and the QDiff values are in the range of ca. -0.25 to 0.25. For quinalphos the QDiff distribution is much wider and the relative quantification differences are as high as -1 and 0.5. However, two concentration ranges of It can be observed that the relative quantification differences for terbutryn in strawberries and blackberries and for all three pesticide in black and red currant are very similar, which indicates that the exchange of one calibration curve to another in such a case will not generate the matrix selection effect errors. Yet this is true for samples of the two fruits only.
Arbitrary we assumed that acceptable relative quantification differences should remain below 25%. The limits are represented in the graphs of Fig. 1 by two horizontal dashed lines at 0.25 and -0.25. It is clear that this condition is met in the case of quinalphos and terbutryn for all matrixes and for three matrixes in case of methamidophos at the wide concentration range.
To enable an easy comparison of the deviations of representative-matrix-calibration based results from the specific-fruit-matrix-calibration based results for all pesticides the relative quantification differences were calculated at C (r) of 0.05 mg kg -1 and are presented in Table 2 . The distribution of QDiff values expressed in percent is presented in Fig. 2 . For ca. 90% of examined pesticides the quantification difference arising from the use of a representative matrix calibration curve instead of a specific fruit matrix calibration curve was below 20% for black and red currents, and below 30% and 35% in the case of strawberries and blackberries, respectively. The 25% difference limit was not exceeded for 51 pesticides in black and red currents, 46 pesticides in blackberries and 45 pesticides in strawberries.
It should be noticed that the most significant, from a practical point of view, is the quantification difference, which is observed for concentrations higher than the sum of MRL and the uncertainty. For simplicity sake the concentrations higher than MRLs were selected as the limits of practical importance of the simulations. In the graphs of Fig. 1 this limit is represented by a vertical solid line which is placed at C (r) = MRL. Although in the case of quinalphos the quantification difference is very high at lower concentrations, at concentrations higher than MRL it is in the range of -0.15 to 0.08 for all matrixes, which indicates that in the case of this pesticide the representative curve can be used as the QDiff will remain below 25% for all matrixes in the concentration range of practical importance.
The concentrations (C (r)lim ) for which the QDiff does not exceed 25% were calculated for all pesticides and are presented in Table 2 . There are three cases, the 25% QDiff limit: i) is met for all concentration higher than calculated C (r)lim , ii) is observed for the concentration in the defined range of C (r)lim , iii) is never achieved, the quinalphos and terbutryn determination for four soft fruits: black and red currents, strawberries and blackberries; raspberries were used as a representative matrix for the calibration, C (i) is a concentration calculated using the fruit specific matrix calibration curve, C (r) is a concentration calculated using the representative matrix calibration curve. A vertical solid line is placed at C (r) equal to a pesticide maximum residue level (MRL); a horizontal dashed line represents ± 25% acceptance criterion. quantification difference is always higher than 25%. The most common is the first case, for 39 pesticides the quantification difference will be below 25% in all matrixes examined when the concentration will be higher than calculated C (r)lim . The last case is the least typical. The limit is never met in the case of metamitron, thiabendazole and thiacloprid in strawberries and for thiacloprid in blackberries, which indicates that a raspberry is bad choice of a representative matrix for these determinations. The case (ii) of a defined range of C (r)lim represents the situation when the 25% quantification difference limit is met when pesticide content is within this range. From a practical point of view, the wider concentration ranges have to be distinguished from narrow low-concentration ranges. Wide concentration ranges have practical usefulness. Thus methamidophos, metosulam, metoxuron and terbuthylazin in blackberries, metobromuron, metosulam and oxamyl in strawberries, diazinon and terbuthylazin in red currants can be determined with Figure 2 . The distribution of relative quantification differences (QDiff) of pesticide residues for four soft fruits: black and red currents, strawberries and blackberries; raspberries were used as a representative matrix for the calibration; C (i) is a concentration calculated using the fruit specific matrix calibration curve, C (r) is a concentration calculated using the representative matrix calibration curve, the differences were calculated at C (r) of 0.05 mg kg -1 . the use of the representative matrix calibration curve with quantification difference < 25% within the defined concentration range. Narrow ranges of very low concentrations indicate that for these determinations the 25% quantification difference limit is not met at a wide range of concentrations. The representative-matrix based quantification of aminocarb and thiabendazole in all matrices, acetamipirid, chlorotoluron and omethoate in strawberries, acetamipirid, dimethoate and metamitron in blackberries, metribuzin in black currants and flusilazole in red currants will generate quantification differences greater than 25%.
When a practical importance aspect is taken into account -the range of concentrations higher than MRL -it can be concluded that 39 pesticides out of 56 compounds tested are successfully quantified in all fruits examined using a representative-matrix calibration curve with the QDiff lower than 25%. For 8 pesticides: dimethoate, flusilazole, metoxuron, metribuzin as well as chlorotoluron, metabromuron, omethoate and oxamyl this is true for three matrices other than the representative fruits examined. In the case of the last four pesticides it was strawberry samples for which the assumed QDiff limit was not met. For 6 pesticides: acetamipirid, metamitron, methamidophos, metosulam, terbuthylazin and thiacloprid the quantification difference limit is met in two fruits other than raspberries. For aminocarb and thiabendazole the limit is never met for any fruits other that the one used as a representative matrix.
The application of a representative matrix increases the laboratory productivity and decreases the cost, time, human and equipment resources required. However, to ensure the reliability of analyses it is essential a) to correct the data using correction factors and functions such as, e.g. QDiff, which can be obtained at the stage of validation studies extended of calibrations carried for each fruit (each food commodity) or b) to include uncertainty due to the use of a representative matrix into the uncertainty budged.
Cut-off parameter for the selection of pesticides
The quantification uncertainty arising from the use of a representative-matrix calibration is an inherent feature of determination method. In the case of extraction sample preparations and LC-MS analyses it results from i) the differences in compound recoveries from various matrices and ii) differences in analyte ionisations in the presence of matrix components. A cut-off parameter for the selection of pesticides that could be quantified accurately using a representative matrix (e.g. with the quantification difference lower than 25%) would be a useful tool for method development.
It was assumed that a parameter based on the corrected process efficiency (corrPE): corrPE = PE p / PE i.s.
where PE p is the process efficiency of a pesticide and PE i.s. is the process efficiency of an internal standard should work infallibly. The corrected process efficiency encompasses both changes in pesticide signal resulting from matrix effect and pesticide recoveries and their compensation by an internal standard. To obtain process efficiency, compound MS signals for fruit extracts (fruits spiked with pesticides and an internal standard before extraction) were compared to MS signals acquired for compound solutions in acetonitrile; the ratios were determined for the concentration equal to pesticide MRL.
Thus the corrPE was calculated accordingly: Corrected process efficiency was calculated for all pesticides and matrices. Then relative standard deviation of corrPE for each pesticide across matrices was calculated and was assessed as a potential candidate for a cut-off parameter for the selection of pesticides, which could be quantified accurately using a representative matrix.
It was found that for the pesticides which were quantified using a representative-matrix calibration curve with the relative difference lower than 25% in at least four out of five matrixes examined, the relative standard deviations of corrPE values calculated across all matrices were below 11% (the median 4%). For the remaining pesticides RSDs were in the range 11-22% (the median 13.7%). Some separation, yet not statistically significant, was seen between pesticides that were successfully quantified with the use of representative-matrix calibration in all matrices (the median of RSD of corrPE 3.3%) from those for which this was true for three out of four remaining matrices (the median 6.1%). More detailed study on a larger compound set is needed to examine the concept further.
To summarise, when a representative matrix calibration curve was used for the calibration, the relative quantification difference lower than 25% was observed for 70% of examined pesticides. When a representative matrix is used it is essential to include uncertainty due to its use into the uncertainty budget. RSD of the corrected proficiencies seems to be a promising cut-off parameter in predicting which pesticides could be potentially quantified using a representative-matrix calibration with low uncertainty resulting from its use.
Conclusions
Multiresidue pesticide analysis by liquid chromatography coupled to tandem mass spectrometry following QuEChERS extractions has become a method of choice due to its versatility and simplicity. Although the method development and validation of multicomponent method may seem tiresome it is the price worth paying; once the method is developed and validated a single run deliver qualitative and quantitative information for as many pesticides of interest as demanded by an analyst and/or customer. Thorough considerations of analysis objectives and planning of an effective workflow will shorten the time needed for method development and will allow to achieve a goal with available recourse in acceptable time and cost frames. One of important factors that should be considered during method development process is use of a representative matrix for the calibration. Our studies carried out for soft fruits showed that it influences the outcome of the quantification and determines the data quality. Careful evaluation of each matrix is recommended before representative-matrix is selected and employed. Quantification difference functions and parameters, e.g. relative differences estimated at a predefined concentration and C (r)lim appear to be useful tools for data-driven decision-making on the applicability of a representative-matrix for the quantification method developed. The relative standard deviation of pesticide corrPE ratios calculated across fruit matrices seems to be a potentially felicitous cut-off parameter for the decisions on the applicability of representative-matrix calibrations.
